In presolar low-density graphite grains, an extraordinarily large 22 Ne/ 20 Ne ratio or even nearly pure 22 Ne is found, pointing to the condensation of radioactive 22 Na in grains. Supernovae and neon-rich novae are the main events that produce 22 Na via the explosive hydrogen burning process. 23 Mg, respectively, increase the total reaction rate by about 5% at a temperature greater than 2 GK.
I. INTRODUCTION
In 1972 Black found that in Orgueuil meteorites the abundance ratio of 20 Ne/ 22 Ne is less than 1.5, which is much smaller than that of 9.8 on earth; this is the so-called Ne-extraordinary (Ne-E) problem [1] . With the discovery and isolation of presolar grains from carbonaceous chondrites, it was soon realized that the highly enriched 22 Ne component carried by low-density graphite grains is dominantly from the extinct radioactivity of 22 Na [2, 3] . In 1974, Clayton and Hoyle first suggested that the delayed 1.275 MeV γ ray from the decay of 22 Na may be used for the diagnosis of nova and supernova outbursts [4] . In the past 20 years, several observations with satellite-borne detectors have been attempted to verify the 1.275 MeV γ -ray emission from nearby novae. For example, the COMPTEL measurements of five recent Ne-type novae led to an upper limit of 3.7 × 10 −8 M of 22 Na ejected by any nova in the galactic disk [5] . The stellar sources of radioactive 22 Na are primarily created in neon-rich nova [6] [7] [8] [9] and supernova explosions [10] [11] [12] . In neon-rich novae, 22 Na is produced via the sequence of reactions 20 Ne(p, γ ) 21 Na(β + ) 21 Ne(p, γ ) 22 Na, or 20 Ne(p, γ ) 21 Na(p, γ ) 22 Mg(β + ) 22 Na alternatively [3, 6] . In core-collapse supernovae, 22 Na is mainly produced in the O/Ne zone by the 21 Ne(p, γ ) 22 Na reaction, where 21 Ne is produced by the 20 Ne(n, γ ) 21 Ne reaction and protons by 12 C( 12 C, p) 23 Na [10] or by the burst of neutrinos from the core [13] . Currently, mixing of matter from different supernova zones is necessary to explain the isotopic features of low-density graphite grains with core-collapse supernova signature [10, 11, 14] . In both nova and supernova scenarios, while the decay of 22 Na is delayed by its T 1/2 = 2.6 y half-life, the 22 Na(p, γ ) 23 Mg 035801-1 0556-2813/2013/88(3)/035801 (8) ©2013 American Physical Society reaction rate over a large range of temperatures is crucial in deriving ranges of 22 Na production during nova and supernova outbursts.
Many experimental investigations have been carried out to reduce the uncertainties of the 22 Na(p, γ ) 23 Mg reaction rate. Direct measurements with radioactive 22 Na targets were performed by several groups [15] [16] [17] [18] , in which absolute or relative resonance strengths were obtained. Moreover, the complicated level structure of the odd-mass 23 Mg also attracted many spectroscopic studies by transfer reactions, for example 25 Mg(p, t) 23 Mg [19] , 24 Mg(p, d) 23 Mg [20] , and 22 Na( 3 He, d) 23 Mg [21] , and by the β + decay of 23 Al [22] [23] [24] [25] , as well as by the heavy-ion fusion evaporation reaction 12 C( 12 C, nγ ) 23 Mg [26, 27] . In these studies new levels were identified in the energy region of astrophysical interest; however, most of the spectroscopic information and resonant properties are still missing for the 23 Mg levels above the proton threshold [28] . In this regard, the 22 Na + p entrance channel plus resonant scattering with the thick-target inverse kinematics method [29] is sensitive to populate the relevant resonances in 23 Mg. In this work, we study proton resonant states in 23 Mg by using the 22 Na + p resonant scattering, with a setup similar to our recent 26 Si + p measurement [30] . The 22 Na(p, γ ) 23 Mg reaction rate is reevaluated by using both presently available and our new experimental data.
We first describe the experimental setup in Sec. II followed by the experimental results and R-matrix analysis in Sec. III. Our shell-model calculation is presented subsequently in Sec. IV, and the level properties comparing the experimental and theoretical results are discussed in Sec. V. Finally, the effect on the 22 Na(p, γ ) 23 Mg astrophysical reaction rate is presented in Sec. VI.
II. EXPERIMENT
A. Production of the 22 
Na secondary beam
The experiment was carried out at the CNS (Center for Nuclear Study) radioactive ion beam separator (CRIB) [31, 32] of the University of Tokyo located in the RIKEN radioactive ion beam factory (RIBF). CRIB is a low-energy, in-flight separator which receives beams from the RIKEN AVF cyclotron. By making use of charge-exchange or transfer reactions, CRIB can deliver intense, low-energy secondary beams for low-and medium-mass nuclei. Most of the produced radioactive ion beams have been used for resonant scattering experiments via the thick-target method [30, [33] [34] [35] [36] [37] [38] , as is adopted in the present work.
In the present experiment, a 22 Na beam was produced via the 1 H( 22 Ne, 22 Na)n charge exchange reaction. The primary beam was 22 Ne 7+ with an energy of 6.0 A MeV and an intensity of about 70 p nA delivered to CRIB. The hydrogen gas target for the production of 22 Na was confined in an 80 mm long cell by two Havar window foils, which were each 2.5 μm in thickness. The hydrogen gas was kept at a pressure of 400 ± 3 Torr and cooled with liquid nitrogen to a temperature of about 90 K [39] then focused into a spot of about 10-20 mm (FWHM) in diameter at the achromatic focal plane. The 22 Na beam was further purified by the Wien filter section. A nearly pure 22 Na beam was produced with an intensity of about 2.5 × 10 5 pps; the contaminant was mainly scattered 22 Ne 10+ ions with a fraction of less than 7%.
B.
22 Na + p measurement A schematic layout of the experimental setup for the 22 Na + p resonant scattering is shown in Fig. 1 . The 22 Na beam particles were monitored by two parallel-plate avalanche counters (PPACs) before reaching the secondary hydrogen gas target. The timing and position information from the PPACs was used to determine the spatial velocity vector of the incoming particles on an event-by-event basis. The spatial resolution of the PPACs is about 1 mm [40] . The secondary gas target is semicylindrical in shape with a length of 300 mm. Its entrance window was 30 mm in diameter and sealed with a 2.5 μm Havar foil, while the exit window was also 30 mm in height and sealed with a 26.5 μm aluminized Mylar foil. The energy of the 22 Na secondary beam after the entrance window of the gas target was 37.1 ± 1.0 MeV, which was measured with a calibrated single-pad silicon detector (SD) in the 22 Na beam tuning runs; during these runs, the secondary gas target was removed from the beamline, and an SD partly covered by a 2.5 μm Havar foil was inserted. During the 22 Na + p measurement, the hydrogen gas target was maintained within 310 ± 2 Torr by a gas-flow system; this pressure was chosen to fully stop the 22 Na particles in the gas volume. The lighter recoil particles emerging from the exit window were detected by a silicon-detector telescope (ST) centered at θ lab = 0
• . The ST consists of E and E layers, where the E layer is a double-sided silicon strip detector (DSSD) with orthogonally oriented 16 × 16 readout strips on both sides and the E layer is an SD. One additional SD was used to veto any energetic light ions produced in the production target and satisfying the Bρ selection, possibly not rejected entirely by the Wien filter because of scattering in the inner wall of the beamline or some other reasons. All three silicon detectors have an area of 50 mm × 50 mm. The thickness of the E detector is 75 μm and that of the E detectors is about 1.5 mm. Recoil protons were identified by using the E-E scatter plot and the time-of-flight information. The proton energy was deduced from the sum of E and E, and the corresponding silicon detectors were calibrated using proton beams from CRIB and using standard α sources of 237 Np, 241 Am, and 244 Cm. The recoil particle spectrum with argon gas of equivalent stopping power was also measured separately to evaluate the background proton events originating from any source other than from the hydrogen gas.
III. RESULTS

A. Experimental results
By taking the two-body kinematics of 1 H( 22 Na, p) 22 Na elastic scattering and by considering the energy losses of 22 Na and proton along their trajectories, the E c.m. was deduced from the kinematic reconstruction on an event-by-event basis; although the actual measurement was performed in inverse kinematics, throughout the rest of the text we will denote it as 22 Na(p, p) for simplicity. At a laboratory angle θ lab , the center-of-mass energy E c.m. has a simple relation with the proton energy E p ,
where E p is the energy of the recoil proton at the reaction point, M b and M p are the masses of the 22 Na beam and the proton, respectively, and θ lab is the laboratory scattering angle of the emitted proton relative to the 22 Na beam-particle direction. The energy resolution of E c.m. was determined by the resolution of the silicon E-E detectors, the resolution of θ lab , the energy spread of the 22 Na beam, and the particle straggling in the target and foil materials. Monte Carlo simulations that include these components were performed, and the evaluated E c.m. uncertainty was about ±20 to ±15 keV according to increasing E c.m. .
Proton yield of the 22 Na(p, p) resonant scattering at θ c.m. = 180
• is shown in Fig. 2 together with the proton background obtained with argon gas. The proton background spectrum is flat, and after normalization to the total number of incident 22 Na beam ions comprises merely 2% of the number of protons seen in the main run with the hydrogen target. The net proton yield is then obtained by subtracting the normalized proton background events. The laboratory averaged differential cross section for the 22 Na + p elastic scattering is deduced from the net proton yield according to [41] 
where dN p /dE refers to the net proton yield per E c.m. unit, dN t /dE is the energy dependent number of hydrogen atoms, I beam is the total number of incident 22 Na particles, and d is the solid angle.
In the experimental geometry, the ST covers a different range of scattering angles depending on the depth in the gas target. Only proton events with θ lab 5
• were selected in the calculation of the experimental differential cross section. The necessary corrections of the effective area of the silicon telescope were made correspondingly for d of each E c.m. bin.
B. R-matrix analysis
The averaged differential cross section in the center-ofmass frame is obtained by
where θ 0 is the averaged laboratory scattering angle of 0
• . The excitation function of the 22 Na(p, p) elastic scattering is shown in Fig. 3 . The uncertainties of the differential cross section include the statistical and systematic errors; the latter one is from the uncertainties in determining the solid angle and the effective number of target atoms.
The experimental excitation function has been analyzed by using a new-edition R-matrix code [42] , which enables multichannel multilevel R-matrix fitting calculation of the excitation function taking the experimental E c.m. resolution into account. The R-matrix element R c c takes the form of
where the subscripts c and c denote different channels and λ the level index [43] . The reduced width γ 2 λc is related to the Coulomb penetration probability P (l) by
where λc is the particle width. The P (l) is defined by
where k is the wave number, and F l and G l are the regular and irregular Coulomb wave functions for a given relative orbital angular momentum l. The channel radius is given by r c = r 0 (A
p ), where A t and A p are the mass numbers of the target and projectile, respectively. The R-matrix fitting calculation is not very sensitive to changes of r 0 in the 1.2 to 1.6 fm range, so a standard value of r 0 = 1.25 fm is taken in the calculation shown in Fig. 3 . The spin and parity of the ground state of 22 Na is 3 + , there are thus two possible channel spins of 5/2 + and 7/2 + , respectively, for the 22 Na + p elastic channel. The largest orbital angular momentum is 1 for the measured E c.m. range, therefore only l = 0, 1 need to be considered in the R-matrix analysis. Three peaks have been seen at E R = 1.030, 1.212, and 1.335 MeV in the excitation function. The corresponding excitation energy of 23 Mg is E x = E R + S p , where the 23 Mg proton separation energy is S p = 7.581 MeV according to the latest mass measurements of 22 Na [44] and 23 Mg [45] with Penning-trap mass spectrometers. Since the γ widths of the resonances are negligible compared to the particle widths, only the proton decay channel to the ground state of 22 Na is taken into account in the fitting calculation. The best R-matrix fit to the excitation function includes three resonances with J π = (5/2 to 9/2) − , 7/2 + , and 5/2 + , respectively. A negative parity is assigned to the 8.611 MeV state in 23 Mg definitively due to the signature of an l = 1 proton resonance; however, a spin value of 5/2 to 9/2 shows no noticeable difference in the results of the R-matrix analysis. The spin and parity for the 8.793 and 8.916 MeV 23 Mg states can be explicitly assigned with 7/2 + and 5/2 + , respectively, according to the proton s-wave resonances. The resonance energies and proton partial widths of the observed 23 Mg states are also deduced from the R-matrix analysis, as listed in Table I .
IV. SHELL-MODEL CALCULATION
The explicit assignments of the spin and parity to the 8.793 and 8.916 MeV resonances in 23 Mg allow for the shell-model calculation of the proton spectroscopic factors and the γ widths. According to the method developed by Schiffer [46] , the proton partial width p can be defined by the proton spectroscopic factor C 2 S and sp as
where sp denotes the single-particle proton decay width. We calculate sp by proton scattering on a Woods-Saxon potential. The shell-model calculation for the l = 0 resonances in 23 Mg is performed with the NUSHELLX code [47] by using the method developed recently for astrophysical resonant reaction rates [48, 49] . The calculations are performed in the sd-shell model space with USDA and USDB interactions [50] for the charge-independent part plus the Coulomb, charge-dependent, and charge-asymmetric nuclear Hamiltonian obtained by Ormand and Brown for the sd shell [51] . The calculated results for 23 Mg states from 8 to 9 MeV are listed in Table II . The proton spectroscopic factor C 2 S refers to the proton l = 0 transitions to the 2s 1/2 single-particle orbital in the 22 Na g.s. + p final states.
V. DISCUSSION
The correspondence between the experimental and the shell-model calculated 5/2 + ,7/2 + states in 23 Mg is shown in Fig. 4 . The observed 23 Mg resonant states are listed in Table I along with the previous data for comparison.
A. 8.611 MeV state
We suggest a negative parity and a spin range of 5/2 to 9/2 for the 8.611 MeV excited state in 23 Mg according to the Rmatrix analysis of the experimental excitation function. A level at 8.617 MeV is found in the data compilations [52, 53] , which were mainly based on the 25 Mg(p, t) 23 Mg angular distribution measurement [19] . Although the excitation energies are almost the same, the level was suggested to be associated with an l 4 transition [19] .
A similar 23 Mg level at 8.617 MeV was observed in the 22 Na(p, γ ) 23 Mg reaction direct measurement, and an upper limit of the resonance strength was also predicted [15] . The low E c.m. energy of the resonance indicates its low-l transfer character, which turns to support the assignment of the present work.
035801-4 23 Mg resonance was observed in the direct measurements with a radioactive 22 Na target [15] , resulting in an upper limit of the resonance strength. The level was recently confirmed in the β-decay experiments as delayed proton lines [24, 25] . The calculated single-particle width is 67 keV from this work, leading to an experimental spectroscopic factor of 0.023(4). The experimental energy and spectroscopic factor are in best agreement with the ninth theoretical 7/2 + state in Table II . However, the experimental spectroscopic factor is about a factor of 3 larger than theory. For the astrophysical rate we use the experimental proton-decay width of 1.2(3) keV and the calculated gamma-decay width of 0.20 (7) eV-an average of the USDA and USDB results with an error that is typical of the differences between USDA and USDB results. Since p γ , the astrophysical reaction rate depends only on γ .
C. 8.916 MeV 5/2
+ state An 8.916(6) MeV state in 23 Mg was observed in the 25 Mg(p, t) 23 Mg angular distribution measurement [19] but assigned as an l = 4 transition. A level with similar energy of 8.905(3) MeV was identified in the recent β-decay experiment [25] . In the present work, an explicit spin-parity assignment of 5/2 + can be made to the resonance based on the R-matrix analysis of the excitation function. The calculated single-particle width is 182 keV from this work, leading to an experimental spectroscopic factor of 0.014 (5) . The experimental energy and spectroscopic factor are in best agreement with the 12th theoretical 5/2 + state in Table II . For the astrophysical rate we use the experimental proton-decay width of 2.3(7) keV and the calculated gamma decay with a width of 1.9(7) eV-the average of the USDA and USDB results, with an error that is typical of the differences between the USDA and USDB results. Since p γ , the astrophysical reaction rate depends only on γ .
D. Inelastic scattering channel
In present work, no indication of the inelastic scattering is directly observed, therefore the resonance parameters are obtained by the assumption of only the 22 Na + p elastic scattering channel in the R-matrix analysis. The lowest three excited states in 22 Na are 1 + , 0 + , and 4 + states at 583, 657, and 891 keV, respectively, which are at least energetically allowed to accommodate proton decay from the populated 23 Mg resonant states. However, the first two excited states in 22 23 Na are also shown for comparison. 23 Mg. The calculated proton spectroscopic factor with USDB interaction is 0.0335 for the inelastic channel comparing to 0.0081 for the elastic channel. However, the Coulomb penetration probability would decrease by more than three orders of magnitude for the inelastic branch because of the small E inel c.m. (p) = E R − E x ( 22 Na) of about 320 keV. Therefore, the proton partial width for inelastic scattering should be negligible according to Eq. (7). The β-delayed proton lines observed only to the ground state of 22 Na also support such an argument [24, 25] .
VI. ASTROPHYSICAL REACTION RATE
The 22 Na(p, γ ) 23 Mg astrophysical reaction rate can be evaluated, by combining the resonance parameters obtained in the present work for the 8.793 and 8.916 MeV states in 23 Mg and the shell-model calculated γ widths. The resonant reaction rate for isolated and narrow resonances is calculated as a sum over all relevant resonant states above the proton threshold [54, 55] :
where N A is the Avogadro constant, μ is the reduced mass in amu, T 9 is the dimensionless temperature defined by T 9 = T /(10 9 K), and E R the resonance energy in MeV, respectively.
The resonance strength ωγ (in MeV) is
where J i , J p , and J f are the spins of the target, the proton, and the resonant state in the compound 23 Mg, respectively. Since p γ in this case, the resonance strength becomes ωγ ω γ . The relevant parameters obtained in the present work used for the 22 Na(p, γ ) 23 Mg reaction rate calculation are listed in Table III .
The reaction rate of 22 Na(p, γ ) 23 Mg for the resonances observed in the present work is shown in Fig. 5 . The compiled reaction rate [56] and the one from a recent direct measurement [18, 57] are also shown for comparison. The two s-wave resonances established in this work increase the total reaction rate by about 5% at T > 2 GK, which is within the peak temperature of supernova outbursts. 23 Mg for the resonances observed in the present work.
VII. SUMMARY
The 22 Na + p resonant scattering has been studied via the thick-target inverse kinematic method at the CRIB separator. The excitation function for 22 Na(p, p) was obtained and analyzed with the R-matrix fitting calculations. Three resonant states in 23 Mg have been observed, and the resonant parameters are determined. The explicit assignments of the spin and parity to the 8.793 and 8.916 MeV resonances in 23 Mg allow for the shell-model calculation of the proton spectroscopic factors and the γ widths, and consequently the evaluation of the resonant reaction rate. An enhancement of the total reaction rate on the order of 5% over the evaluation by NACRE is found for T 9 > 2 owing to the two s-wave resonant states established in this work. The present work showed that new and important spectroscopic information on the structure of 23 Mg relevant to the 22 Na(p, γ ) 23 Mg reaction rate can be obtained by using the 22 Na + p resonant scattering. Further similar measurements with a high-resolution active target are particularly necessary to reach the lower resonant energy region of the 22 Na(p, γ ) 23 Mg reaction.
